Filaments from isolated flagella of Caulobacter crescentus have been purified by successive dissociation and reconstitution. After the second and third reconstitutions from subunits in 0.8 M sodium citrate, filament preparations contained only two proteins, flagellin A (26,000 daltons) and flagellin B (28,000 daltons). There was some enrichment for flagellin A during reconstitution by this procedure, since isolated flagella contained flagellin A and flagellin B in a ratio of approximately 3.8:1 and filaments after the third reconstitution contained the two proteins in a ratio of 5.0:1.
The flagellum is a useful marker for the study of developmental control in Caulobacter crescentus because it is one of several localized surface structures formed at one pole of the stalked cell just before cell division. The constituent proteins of the filament are also synthesized periodically in the cell cycle at the time of flagellum formation (9, 12) . Another advantage of the flagellum is that it can be readily isolated and purified: the filament, hook, and rod are released into the medium when the motile swarmer cell develops into the nonmotile stalked cell, and the flagella can be collected from the culture medium and purified by density gradient centrifugation (12) . Lagenaur and Agabian have reported that filament preparations isolated by this procedure contain two proteins (molecular weights of 25,000 and 28,000) in a ratio of 3.3:1 (6) . We report here a method for the in vitro reconstitution of intact filaments from dissociated protein subunits. This procedure provides a rapid and efficient purification of the flagellin proteins, referred to below as flagellin A and flagellin B, and the results of reconstitution experiments confirm the conclusion that the flagella of C. crescentus contain both of these proteins.
Bacterial filaments are generally dissociated into protein monomers by lowering the pH of the filament solution to 2.0 (1). In Salmonella the protein subunits can then be reassembled into filaments by "salting out" at neutral pH with ammonium sulfate or sodium citrate at concentrations higher than 0.5 M (4, 14) . Only under these conditions will assembly occur without short pieces of filaments to act as seeds. For the study of reassembly of filament proteins of C. crescentus, we have determined that the optimal conditions for reconstitution are 0.8 M sodium citrate and pH 7.5.
Flagella were isolated from a 4-liter culture of C. crescentus strain CB15 (ATCC 19089 ) that had been grown to late log phase in a medium made of equal parts of a peptone-yeast extract medium (PYE; 10) and an imidazole-buffered medium, GI (11) . Cells were removed from the culture fluid by two successive centrifugations at 11,790 x g for 20 min; except where noted, all steps were carried out at 4°C. Sodium azide (10 mM) was added to the supernatant fraction, the flagella were collected by sedimentation at 105,650 x g for 90 min, and the pellets were suspended in 3.0 ml of buffer A [0.02 M tris(hydroxymethyl)aminomethane-10 mM NaN:i, pH 7.5] . This suspension was then centrifuged at 12,000 x g for 10 min to remove the remaining cells. The cell pellet was washed once with 0.5 ml of buffer A and centrifuged as described above. The combined supernatant fractions (concentrated culture fluid; see Table 1 Figure  lB is an electron micrograph of a preparation after one cycle of dissociation and reconstitution.
The filaments were shorter than those in the starting material, and structures with the characteristic thickness and morphology of hooks or rods could not be detected. The wavelength of most reconstituted filaments was comparable to those of filaments isolated from the culture medium (Fig. IA) ; some short straight filaments were also observed.
Fractions from a reconstitution experiment were analyzed by electrophoresis on sodium dodecyl sulfate-polyacrylamide gels; a stained gel is shown in Fig. 2 . Several contaminating proteins were concentrated from the culture supernatant along with the filaments (column 1).
After acidification of the concentrated culture fluid, most of the contaminating proteins were removed in the precipitate (column 3) while flagellin remained acid soluble (column 2). After the first reconstitution (column 4), only trace contaminants were present, and only flagellins A and B could be detected after the second and third reconstitutions (column 5 and 6). As much as 30 jug of filaments obtained from the second and third reconstitutions was analyzed on gels without observing contaminating proteins (data not shown).
The lower-molecular-weight protein (flagellin A) has a molecular weight of 26,000, and the higher-molecular-weight protein (flagellin B) has a molecular weight of 28,000, as calculated from protein standards in the same gel system (data not shown). These values correspond closely to those determined earlier for the two proteins present in filament preparations purified from C. crescentus strain CB13Bla by density gradient centrifugation (6) . The protocol for the purification of flagellin is shown in Table 1 . The recovery of flagellin after each polymerization generally varied from 40 to 80%, depending on the protein concentration; a higher total yield of flagellin should result by starting with larger amounts of flagella and by reducing the volumes used for repolymerization. The average ratio of flagellin A/flagellin B found in isolated flagella was 3.8:1. There is some indication that this ratio increases with repeated polymerizations, partially as a result of the greater solubility of flagellin A at acid pH.
The presence of flagellin A and flagellin B in filaments after successive reconstitutions confirms the report (6) that the flagellar filaments of C. crescentus contain two proteins. Although Escherichia coli filaments have only one protein subunit (2) , there are at least two other bacteria with multiple species of flagellin. Salmonella typhimurium synthesizes two immunologically distinct flagellins with separate structural genes; since only one of the two genes functions at a time, individual filaments contain a single flagellin species (3). Smith and Koffler have reported that Bacillus pumilis filaments also contain two subunits in a ratio of 7:3 (13) . Their data suggest that individual B. pumilis cells produce both flagellins, but this has not been conclusively shown. It is also unclear in C. crescentus whether the two flagellins are produced by the same cell and are thus constituents of the same filament, since the reconstitution re-FI(. 1. Electron micrographs of isolated flagella and reconstituted filaments. Portions of concentrated flagella (A; see Table 1 ) and reconstituted filaments (B, first reconstitution; see Table 1 ) were diluted, fixed in 0.5% formaldehyde, and spotted on Formvar-coated copper grids (T. Pella Co). After 30 min the grids were washed three times with cytochrome c (I mg/ml) and stained with 1% phosphotungstic acid in 0.5%1c ammonium acetate, pH 7 
